Abstract-A dual-band two-element Multiple-Input-Multiple-Output (MIMO) antenna for Wireless Local Area Network (WLAN) applications is proposed in this paper. The MIMO antenna consists of two closely arranged symmetric monopole antennas with edge-to-edge distance of only 5.3 mm (0.044λ at 2.51 GHz). To enhance isolation, a decoupling network is inserted between the two antennas without increasing the footprint. The −10 dB impedance bandwidths in lower and higher frequency bands are 2.46-2.7 GHz and 5.04-5.5 GHz. Compared to previous works, the presented decoupling structure can obtain higher isolation over 30 dB in dual bands. Measured results agree well with the simulated ones.
INTRODUCTION
Wireless local area networks (WLANs) have attracted tremendous attention due to the demand of higher speed connectivity and better data reliability with rapid development of wireless communication systems [1, 2] . Multiple-input-multiple-output (MIMO) systems characterized by multipath property are widely used to increase system capacity and communication reliability. However, when antenna elements are implemented in a size-constraint space, it is a challenging issue to obtain high isolation due to considerable electromagnetic mutual coupling between ports.
In the literature, various decoupling techniques have been proposed to resolve the issue. Defected ground structures [3] [4] [5] act as band stop filters to achieve high isolation by inhibiting surface waves. Neutralization lines [6] [7] [8] are employed to offset the original coupling through introducing extra coupling path. Parasitic elements [9, 10] are embedded between antenna elements to introduce extra coupling paths to enhance isolation. Lumped network [11] and resonator decoupling network [12] are applied to increase isolation. A Y-shaped isolator [13] is introduced to decrease mutual coupling between dualelement antennas. In [14] , a split ring decoupling structure realizing hybrid electric and magnetic coupling is adopted for isolation enhancement. Nevertheless, isolation levels achieved in antennas mentioned above are 20 dB more or less, which is insufficient in certain application situations. Moreover, the distance between antenna elements described in these aforementioned designs is more than 0.05λ, which affects the miniaturization of a MIMO antenna. Although some MIMO antennas mentioned above have compact size, the isolation levels or bandwidths are insufficient in certain applications, and it is unfeasible to obtain isolation over 30 dB between two closely arranged antennas with less than 0.05λ separation distance.
In this letter, the proposed MIMO antenna consists of two symmetrical antenna elements arranged with edge-to-edge distance of 5.3 mm (0.044λ at 2.51 GHz), which is the smallest among those dual-band MIMO antennas [5, 13, [15] [16] [17] . The decoupling structure in this paper constructs an extra coupling path to offset the original coupling. Thus, the coupling current is canceled out by the new current in the extra coupling path, and high isolation over 30 dB is easily realized. The MIMO system performances, including S-parameters, radiation patterns, current distribution, gains and radiation efficiency, are investigated and presented. Figure 1 (a) exhibits geometry of the proposed two-element dual-band MIMO antenna. The antenna is designed using full-wave simulator Ansoft HFSS 13.0 and implemented on a 1.6-mm-thick FR-4 substrate of relative permittivity of 4.4 and loss tangent of 0.02. Feeding ports are coaxial through via holes of 0.7 mm radius. The MIMO antenna is composed of two symmetric monopole antenna elements printed on the upper part of a PCB board and a simple decoupling structure for isolation enhancement. The detailed dimensions of the antenna are listed in Table 1 . Figure 1 . Geometry of the proposed MIMO antenna. Table 1 . Design parameters (mm) of the proposed MIMO antenna. 
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Design Process of the Proposed MIMO Antenna
The two-element dual-band MIMO antenna in Fig Hence, isolation and return loss should be optimized to realize better antenna performance.
To maintain the property of compact edge-to-edge distance between two monopole antennas and dimensions of two elements unchanged, a decoupling structure is directly connected to the adjacent monopole [Ant.b, Fig. 2(b) ]. After exploiting decoupling structure, simulated S-parameters of Ant.b are shown in Fig. 2(c) , which presents that minimum isolation of dual bands is significantly enhanced from 8 dB and 31 dB to 33 dB and 36 dB, respectively. Meanwhile, the lower resonant frequency changes from 2.3 to 2.51 GHz, and the upper resonant frequency is nearly unchanged. The specific effect of the electronic and magnetic coupling structure on the MIMO performance is illustrated in following section. 
The Effect of Decoupling Structure
There are two important parameters for the decoupling structure in Fig. 1 , including width g and length L 1 . The effects of width g and length L 1 on S-parameters are analyzed in Fig. 3 . It is observed that the isolation is achieved over 30 dB in both resonance frequencies after employing decoupling structure. Meanwhile, the structure also affects the resonant frequencies of dual bands. To further demonstrate the contribution of the decoupling structure, the current distributions of Ant.a and Ant.b in the two resonant frequency bands are plotted in Figs. 4 and 5, respectively. Figs. 4  and 5 show that the induced current at port 2 before decoupling is strong at 2.51 GHz while it is weak at 5.21 GHz. The performance corresponds to the results shown in Fig. 2(c) , in which the isolation is lower than 10 dB and higher than 30 dB at the lower and upper frequency bands, respectively. In Fig. 4(a) , strong electromagnetic energy coupling occurs between two antenna elements due to ground (a) (b) surface and near-field current at 2.51 GHz, which accounts for poor isolation of 8 dB. Fig. 5 (b) reveals that the decoupling structure provides an extra path for coupling fields to introduce new current in opposite phase between two elements. Hence, mutual electric and magnetic coupling between two ports is obviously compensated for the new coupling introduced through the decoupling structure at 2.51 GHz. Finally, a negligible amount of electromagnetic energy is coupled from port 1 to port 2. Fig. 5 presents the current distributions of Ant.a and Ant.b at 5.21 GHz. Fig. 5(a) shows that a small amount of current is coupled from port 1 to port 2 before decoupling. Therefore, good isolation of 31 dB is realized in Ant.a at 5.21 GHz. After using decoupling structure, there are almost no current coupled from port 1 to port 2 shown in Fig. 5(b) . Therefore, enough isolation of 36 dB is achieved at 5.21 GHz.
RESULTS AND DISCUSSION
A prototype of the proposed dual-band MIMO antenna shown in Fig. 6 is fabricated, and the simulated and measured S-parameters are plotted in Fig. 7 . The S-parameters are measured through an Agilent E8363B vector network analyzer. As shown in Fig. 7 , measured results correspond well to the simulated data. The −10 dB impedance bandwidths at lower and upper bands are 2.46-2.7 GHz and 5.04-5.5 GHz, with fractional bandwidths of 9.6% and 8.84%, respectively. Meanwhile, the measured value of minimum port isolation in the two operating bands is over 30 dB. The simulated and measured normalized radiation patterns of the dual-band MIMO antenna are shown in Fig. 8 , when port 1 is excited and port 2 terminated by a matched load. Good agreement is presented between the simulated and measured results. The antenna is nearly omnidirectional at XZ and Y Z planes in both operating bands. Fig. 9 shows that the simulated peak gains of 2.51 GHz (a) (b) Figure 9 . Simulated peak gain and total efficiency, (a) lower band and (b) upper band. and 5.21 GHz are 2.59 and 3 dBi, respectively. Next, the simulated total efficiency of the antenna is plotted in Fig. 8 . The simulated average efficiencies are 93.3% and 85.9% in the lower and upper bands, respectively. Diversity performance of a MIMO antenna can be investigated by computing envelope correlation coefficient (ECC). The ECC is calculated from far-field radiation patterns [18] . As seen in Fig. 10 , ECC of the MIMO antenna is below 0.01 in the two frequency bands, and it is indicated that a good diversity performance of the MIMO antenna can be realized. The designed antenna is compared with some dual-band MIMO antennas in previous works, as seen in Table 2 . It is observed that the antenna can obtain both 20 and 30 dB isolation bandwidths compared to others with a very small edge-to-edge distance. 
CONCLUSION
In this paper, a dual-band MIMO antenna composed of two closely arranged symmetric monopole antennas with edge-to-edge distance of only 5.3 mm (0.044λ at 2.51 GHz) is proposed for WLAN applications. The operating frequency bands (|S 11 | ≤ −10 dB) are 2.46-2.7 and 5.04-5.5 GHz. In the two operating frequency bands, good isolation of over 30 dB is realized considering the antennas' sub-0.1λ separation. Moreover, the measured results agree well with the simulated ones, which confirms that the proposed antenna can be a potential candidate for wireless local area network applications in practical devices.
